The excitability of a neuron is regulated by the balance of excitatory and inhibitory inputs that impinge on it. Such modulation can occur either presynaptically or postsynaptically. Here, we show that an excitatory transmitter can increase the release of an inhibitory transmitter and thus paradoxically produces a long-lasting enhancement of inhibitory synaptic transmission. This occurs at a nearphysiological temperature. These findings from cerebellar stellate neurons reveal a novel form of long-term potentiation that is induced by the activation of NMDA-type glutamate receptors and that requires both glutamate and glycine. Our results indicate that Ca 2ϩ entry into the presynaptic terminals during the activation of presynaptic NMDARs is necessary to induce the potentiation. This presynaptic modulation provides a mechanism by which an excitatory transmitter can induce a long-term increase in the release of an inhibitory transmitter and thus modify the activity of a simple neuronal circuit.
Introduction
The activity of a neuronal network depends on the balance between its excitatory and inhibitory inputs. How excitatory transmission interacts with inhibitory transmission will have an impact on the activity of the circuit as a whole. One potential mechanism that may underlie lasting changes in excitability involves the regulation of inhibitory transmission by glutamate.
There is evidence that glutamate can activate NMDA receptors (NMDARs) in the postsynaptic membrane of inhibitory synapses and alter their response to GABA (Gaiarsa et al., 2002) . In addition to these postsynaptic changes, lasting suppression of the release of inhibitory transmitter can be induced by the activation of metabotropic glutamate receptors in the postsynaptic pyramidal cell in the hippocampus, an effect that is mediated by cannabinoids (Chevaleyre and Castillo, 2003) . However, glutamate receptors, including NMDARs, have also been found on the presynaptic terminals of GABAergic neurons (Belan and Kostyuk, 2002) . Activation of these glutamate receptors can transiently enhance or suppress the release of GABA from inhibitory interneurons (Engelman and MacDermott, 2004) . Whether glutamate can produce a lasting enhancement of the release of transmitters from inhibitory neurons remains mostly unknown.
GABAergic interneurons in the cerebellum, stellate/basket cells, form inhibitory synapses onto Purkinje cells and control the timing and firing frequency of Purkinje cells (Hausser and Clark, 1997) . Stellate cells also innervate themselves by GABAergic autaptic connections (Pouzat and Marty, 1998) , which may enhance the precision of spike-timing in these neurons, as demonstrated in neocortical inhibitory interneurons (Bacci and Huguenard, 2006) . Several lines of evidence strongly indicate the presence of NMDARs on the presynaptic terminals of cerebellar stellate cells (Glitsch and Marty, 1999; Duguid and Smart, 2004; Fiszman et al., 2005) . First, immunostaining of NMDAR subunits has been found on the axonal terminals of cerebellar stellate/basket cells in vitro. Second, functional NMDARs have been detected in stellate/basket cell axon terminals. Third, activation of NMDARs in stellate/basket cells can transiently increase the release of GABA from these cells. Could activation of NMDARs at the presynaptic terminals of these inhibitory neurons produce a long-lasting increase in the secretion of GABA?
Here, we investigate whether glutamate released from parallel fibers (axons of granule cells) can induce a lasting increase in the release of GABA from stellate cells. The evoked secretion of GABA from the axon of a single neuron was monitored via an autaptic synapse. Using this preparation, we describe a new form of synaptic plasticity in which a lasting increase in the release of GABA is induced by the activation of excitatory NMDARs. Our results additionally suggest that Ca 2ϩ entry into the presynaptic terminals during the activation of presynaptic NMDARs is required for the induction of this lasting increase in spontaneous GABA release.
Materials and Methods
Slice preparation. Saggital and horizontal slices (250 mm) of the cerebellum from postnatal day 14 (P14) to P23 C57BL/6J mice were cut with a Leica (Nussloch, Germany) VT1000S vibrating microslicer as previously described (Liu and Cull-Candy, 2000; Liu and Cull-Candy, 2005) . Slices from P14 -P20 and P18 -P23 mice were used for recordings of autaptic currents and spontaneous/miniature IPSCs, respectively.
Electrophysiology. Voltage-clamp recordings were made with an Axopatch 700A amplifier (Molecular Devices, Foster City, CA) at room temperature. The extracellular solution (in mM: 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 25 glucose, pH 7.4) was continuously bubbled with 95% O 2 and 5% CO 2 . Electrode resistance was 4 -8 M⍀. Inhibitory synaptic currents were filtered at 2 or 10 kHz and digitized at 10 kHz. Stellate cells were identified by their location in the outer two-thirds of the molecular layer and by the presence of spontaneous synaptic currents.
Synaptic currents. Autoreceptor/autaptic currents were evoked by a depolarizing step from Ϫ70 to 0 mV for 1 ms and recorded at Ϫ70 mV in the perforated patch configuration. Electrodes were filled with a pipette solution (in mM: 135 KCl, 4.6 MgCl 2 , 0.1 CaCl 2 , 10 HEPES, 1 EGTA, 4 Na-ATP, and 0.4 Na-GTP, pH 7.4) with the addition of amphotericin B (300 g/ml). Series resistance was monitored throughout the experiment, and the experiment was terminated if this changed by Ͼ20%. Autaptic currents were recorded at a room temperature before and after parallel fiber stimulation or application of NMDA/ glycine.
Stimulation of parallel fibers. A parallel bipolar electrode (150 m spacing) was placed across the molecular layer ϳ200 m from the recording electrode to stimulate parallel fibers (PFs) in horizontal slices (P18 and P19). The stimulus intensity ranged from 15 to 50 V with duration of 0.1-0.2 ms. The stimulation protocol was a train of four pulses at 100 Hz, which was repeated 150 times at 1 Hz. During this time, the cell was voltage-clamped at Ϫ70 mV and depolarized to 0 mV for 1 ms (1 ms after each burst stimulation), in external solution containing 5 M 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX), 20 M glycine, 10 M SCH 50911 ((ϩ)-5,5-dimethyl-2-morpholineacetic acid), and 1 M strychnine.
Chemical induction of inhibitory-long-term potentiation. NMDA (15 M) or NMDA plus glycine (20 or 100 M) was applied for 2.5 min in extracellular solution containing strychnine (1 M) and NBQX (10 M). AMPA (0.3 M) was applied for 10 min. The cell was transiently depolarized at 1 and 0.2 Hz during the NMDA/glycine and AMPA application, respectively.
Miniature spontaneous IPSCs (mIPSCs) were recorded at Ϫ70 mV before and after a 5 min application of 30 M NMDA and 20 M glycine in the whole-cell configuration at room temperature. During NMDA/glycine application, the postsynaptic cell was held at Ϫ70 mV. TTX (0.3 M), NBQX (5 M), and strychnine (1 M) were present throughout the experiment. A Cs-based pipette solution (in mM: 135 CsCl, 4.6 MgCl 2 , 0.1 CaCl 2 , 10 HEPES, 10 EGTA, 4 Na-ATP, and 0.4 Na-GTP, pH 7.4) was used in a few experiments. No difference in the NMDA/glycine-induced increase in mIPSC frequency was found between this and the K-internal solution described above, and therefore the data were pooled. In some experiments, a pipette solution [which contained the following (in mM): 115 KCl or CsCl, 4.6 MgCl 2 , 0.1 CaCl 2 , 10 HEPES, 10 or 20 BAPTA, 4 Na-ATP, and 0.4 Na-GTP, pH 7.4] was used to buffer a Ca 2ϩ rise in the postsynaptic cell. Spontaneous and miniature IPSCs were recorded at 32°C in some experiments. To determine the reversal potential for spontaneous IPSCs, gramicidin D (50 g/ml) was added to the pipette solution and spontaneous IPSCs were recorded in a perforated patch configuration at several holding potentials (from Ϫ120 mV to Ϫ40 mV with 10 mV increments). The effect of PF stimulation on the frequency of mIPSCs were determined using a pipette solution (in mM: 135 K gluconate and 2.9 MgCl 2 , 0.1 CaCl 2 , 10 HEPES, 1 EGTA, 4 Na-ATP, and 0.4 Na-GTP, pH 7.4), which set the reversal potential for Cl to Ϫ80.5 mV. mIPSCs were recorded at Ϫ30 mV in a whole-cell configuration and detected as outward currents in the presence of TTX. The slice was then washed with artificial CSF (ACSF) for 25 min to remove TTX before PF stimulation. The PFs were stimulated with a train of four pulses at 100 Hz, repeated 60 times at 1 Hz, while the postsynaptic cell was voltage-clamped at Ϫ70 mV, in an external solution that contained 5 M NBQX, 20 M glycine, and 1 M Data analysis. Average autaptic IPSCs (aIPSCs) were constructed from 10 consecutive sweeps. Each mean paired-pulse response was obtained from 50 to 70 events. Events with a nontypical shape and latency were rejected (these were likely to be spontaneous IPSCs). The paired pulse ratio (PPR) was calculated as mean aIPSC 2 amplitude/mean aIPSC 1 amplitude. The coefficient of variation (CV) of synaptic transmission was calculated from the peak amplitude of at least 70 events. Spontaneous and miniature IPSC events were identified using Clampfit (version 9.0). Data are expressed as mean Ϯ SEM. A two-tailed Student's t test was used to assess statistical significance.
Results
Autaptic/autoreceptor currents were inhibited by 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanine acid hydrobromide (SR-95531) and thus mediated by GABA A receptors (aIPSCs) (Fig. 1 A) . aIPSCs recorded in the perforated patchclamp configuration were stable for 1-2 h ( Fig. 1 B) .
Stimulation of parallel fibers induces a long-lasting increase in the amplitude of aIPSCs
Stellate cells receive glutermatergic excitatory inputs from PFs, and project their axons in the molecular layer along a horizontal course. In vivo recordings of cerebellar granule cells show that sensory stimulation evokes a burst of action potentials at ϳ80 Hz (Chadderton et al., 2004) . Such burst PF stimulation increases glutamate release, and the spillover of glutamate activates extrasynaptic NMDARs in the postsynaptic cell and in other stellate cells with which the activated parallel fibers do not directly form synaptic contacts (Carter and Regehr, 2000; Clark and Cull-Candy, 2002) . We therefore stimulated PFs with bursts of four depolarizations at 100 Hz, as illustrated in Figure 1C , to determine how glutamate released from the PFs modulates the release of GABA from stellate cells. Glycine is a coagonist for NMDARs, and because the extracellular basal glycine concentration in the cerebellum determined by in vivo microdialysis is ϳ20 M (Matsui et al., 1995) , 20 M glycine was added to ACSF during the stimulation. This stimulation protocol evoked an NMDAR-mediated current of ϳ500 pA (n ϭ 6) (Figs. 1D, 2A) at Ϫ70 mV, which is comparable with the current activated by PF stimulation with a monopolar electrode (Carter and Regehr, 2000) .
As shown in Figure 1 , E-H, the amplitude of autaptic currents increased after the PF stimulation in all cells recorded. The increase in the current amplitude lasted for at least 1 h. On average, the autaptic current increased by ϳ50% (n ϭ 6; p Ͻ 0.02). Thus, the PF stimulation induced a lasting enhancement of the efficacy of inhibitory synaptic transmission [inhibitory-long-term potentiation (I-LTP)].
Long-term potentiation of aIPSCs is induced by activation of NMDARs and requires glutamate and glycine
To determine whether activation of NMDARs was required for the induction of I-LTP, PFs were stimulated in the presence of a NMDAR blocker, 3-(CR-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) (10 -20 M). The duration and amplitude of the PF stimulation were first adjusted such that it evoked a slow NMDAR current with an amplitude that was comparable with that generated for the induction of I-LTP in the previous section. As illustrated in Figure 2 , A-C, CPP blocked the slow NMDAR current and the PF stimulation-induced I-LTP, indicating that activation of NMDARs is necessary to induce the lasting potentiation of aIPSCs in stellate cells.
Is NMDAR activation sufficient to induce I-LTP in stellate cells? To address this question, exogenous NMDA and glycine were coapplied to selectively activate NMDARs. This induced an Figure 2 . PF stimulation-induced increase in aIPSC amplitude requires activation of NMDARs. A, Group data of currents evoked by PF stimulation, before (middle; currents were evoked by a single sweep of testing stimulation) and during the application of CPP (right; n ϭ 5, *p Ͻ 0.04), and without CPP (left; in experiments described in Fig. 1) . B, aIPSC traces (top) and aIPSC amplitude before and after PF stimulation in the presence of an NMDAR blocker (CPP). C, CPP blocks the PF stimulation-induced potentiation of aIPSC amplitudes (n ϭ 6; p Ͻ 0.03). D, E, aIPSC traces (top) and the plot of aIPSC amplitude versus time. A plot of percentage change in mean aIPSC amplitudes versus time (right; NMDA plus glycine, n ϭ 7; NMDA, n ϭ 5; p Ͻ 0.007; AMPA, n ϭ 7; AMPA plus NMDAR blocker, n ϭ 4; p Ͻ 0.03) is shown. Error bars indicate SEM.
increase in the aIPSC amplitude, which lasted for 30 -60 min (Fig. 2 D) . A sustained potentiation of the aIPSC was consistently observed (seven of eight cells). On average, the current amplitude increased by ϳ60% (from Ϫ31 Ϯ 4 to Ϫ50 Ϯ 8 pA; n ϭ 8; p Ͻ 0.02). Thus, activation of NMDARs is sufficient to induce the lasting enhancement of the aIPSC. Unexpectedly, however, the coapplication of both NMDA and glycine was required to induce I-LTP, because the application of NMDA or glycine (data not shown) alone did not alter aIPSC amplitude.
The question then arises whether endogenously released glycine and glutamate can induce the I-LTP by activating NMDARs in stellate cells. Bergmann glial cells can release glycine when the membrane is depolarized (Huang et al., 2004) . Activation of Ca 2ϩ -permeable AMPARs in these cells reduces the resting K conductance (Muller et al., 1992) , which would depolarize the membrane potential and stimulate the release of glycine from these cells. To test this possibility, AMPA was applied to the cerebellar slice for 10 min. A lasting increase in the amplitude of aIPSCs was subsequently observed in five of seven cells (Fig. 2 E) . On average, the aIPSC amplitude increased by ϳ37% (n ϭ 7; p Ͻ 0.05). When AP-5 (50 M) or CPP (5 M) was included in the extracellular solution during AMPA application, AMPA no longer enhanced aIPSC amplitude. This result suggests that the induction of I-LTP by AMPA involves the activation of NMDARs on stellate cells presumably by endogenously released glycine and glutamate.
Exogenously applied glycine potentiates extrasynaptic NMDAR currents in stellate cells
Glycine may be required to potentiate the glutamate-activated current via NMDARs, which induces I-LTP in stellate cells. If the concentration of endogenous glycine in cerebellar slices is Ͻ20 M (the extracellular glycine concentration in vivo) and glycine binding sites are not saturated, one would predict that exogenously applied glycine should enhance the NMDAR current.
Stimulation of PFs with a train of four stimulations at 100 Hz evoked a slow outward current at ϩ40 mV, which was blocked by 10 M CPP or 50 M D-AP-5. Bath application of 20 M glycine increased the current amplitude and charge transfer by ϳ40% (n ϭ 5; p Ͻ 0.02) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material), which is expected to enhance Ca 2ϩ entry. Therefore, glycine sites on NMDARs are not saturated in cerebellar slices by endogenously released glycine.
The NMDAR-mediated increase of aIPSCs occurs via a presynaptic mechanism
We examined whether enhancing the presynaptic release of GABA from stellate cells contributes to the lasting increase in aIPSC amplitude after PF stimulation. If this were the case, then a decrease in the PPR and failure rate and a change in the variance of the synaptic current should be associated with the potentiation.
To measure the PPR, two depolarizing pulses separated by 20 ms were delivered and the amplitude of the aIPSC evoked by the second pulse was divided by that of the first pulse (A 2 /A 1 ). As shown in Figure 3 , A-C, the PPR decreased 15-60 min after PF stimulation in all cells (from 0.92 Ϯ 0.10 to 0.72 Ϯ 0.08; n ϭ 6; p Ͻ 0.01). The frequency of successfully evoked aIPSCs increased and the failure rate decreased from 36 Ϯ 10% to 24.3 Ϯ 7% (n ϭ 6; p Ͻ 0.05) (Fig. 4 D-F ) . These results suggest that the PF stimulation enhanced the presynaptic release of GABA from stellate cells.
In additional support of a presynaptic mechanism of action, the I-LTP was found to be associated with a change in the CV of the aIPSCs. 1/CV 2 (ϭI 2 /s 2 , where I is the aIPSC amplitude and s 2 is the variance about the peak of the aIPSCs) was found to increase after PF stimulation (n ϭ 6; p Ͻ 0.03) (Fig. 3G,H ) . No changes in PPR, failure rate, or CV were observed when PF stimulation occurred in the presence of CPP (Fig. 3) . The observation that I-LTP was associated with a decrease in PPR and failure rate, and with an increase in 1/(CV) 2 , strongly suggests that PF stimulation induces a lasting increase in the release of GABA from stellate cells via a presynaptic mechanism.
Because the induction of I-LTP requires both glycine and glutamate/NMDA, one would predict that the increased release could be induced by NMDA/glycine, but not by NMDA alone. As illustrated in Figure 4 A, the PPR consistently decreased after the application of NMDA/glycine (in NMDA/20 M glycine, from 0.72 Ϯ 0.27 to 0.48 Ϯ 0.23, n ϭ 3, p Ͻ 0.03; in NMDA/ 100 M glycine, from 1.17 Ϯ 0.25 to 0.86 Ϯ 0.15, n ϭ 5, p Ͻ 0.04). The percentage failure rate also changed from 30 Ϯ 8 to 19 Ϯ 6% ( p Ͻ 0.005), and the coefficient of variation (1/CV 2 ) increased after NMDAR activation by NMDA/glycine (r ϭ 0.83; p Ͻ 0.003) (Fig. 4 B) . These results indicate that an increase in the presynaptic release of GABA has occurred. The fact that NMDA alone failed to alter the PPR, failure rate, and 1/CV 2 suggests that the NMDAR-mediated increase in the presynaptic release of GABA requires glycine.
Finally, consistent with a presynaptic expression of the NMDAR-mediated I-LTP, the potentiation of aIPSCs by AMPA application was accompanied by a decrease in the PPR from 0.84 Ϯ 0.19 to 0.38 Ϯ 0.11 (n ϭ 7; p Ͻ 0.03), which was prevented by NMDAR blockers (Fig. 4C) . As illustrated in Figure 4 D, the ratio of 1/CV 2 increased as the AMPA-induced enhancement of current amplitude became more pronounced (r ϭ 0.78; p Ͻ 0.003). Thus, the site of expression of the AMPA-induced I-LTP also appears to be presynaptic.
A modulation of GABA release by glutamate is developmentally regulated
One of the predictions of the presynaptic expression of I-LTP is that the potentiation is more likely to be induced in stellate cells that have an initially low release probability. To address this point, the longterm change in the aIPSC amplitude was plotted against the associated PPR before the activation of NMDARs. As predicted, the degree of potentiation strongly correlates with the initial PPR (r ϭ 0.7; p Ͻ 0.006) (Fig. 4 E) . That is, there is a greater potentiation of aIPSCs in cells that had a high initial PPR (low release probability).
The initial PPR was higher in P18 -P19 mice (1.12 Ϯ 0.19; n ϭ 9) than younger mice (P14 -P17, 0.5 Ϯ 0.1; n ϭ 6; p Ͻ 0.03). Thus, the probability of GABA release from stellate cells declines as the neurons become more mature. Is I-LTP more likely to be induced in mature neurons than in immature neurons? As expected, the potentiation occurs more frequently and becomes larger in magnitude in older animals (r ϭ 0.74; p Ͻ 0.002) (Fig. 4 F) .
The NMDAR-induced sustained increase in miniature IPSC frequency requires presynaptic Ca 2؉ entry To assess the extent of potentiation of presynaptic GABA release and possible alterations in the responsiveness of postsynaptic GABA A receptors, mIPSCs were recorded from a stellate cell before and after coapplication of NMDA and glycine. Because stellate cells form inhibitory synapses onto each other, an enhancement in the frequency of mIPSCs would indicate an increase in the spontaneous release of GABA, whereas a change in the amplitude of mIPSCs would reflect a postsynaptic modification. Spontaneous synaptic currents in the presence of 5 M NBQX and 0.3 M TTX at Ϫ70 mV were blocked by SR-95531 (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) and thus mediated by GABA A receptors. As shown in Figure 5 , A-C and G, NMDA/glycine application induced a longlasting increase in mIPSC frequency by ϳ77% (n ϭ 12; p Ͻ 0.03) without a change in the amplitude of mIPSCs. This is consistent with the idea that I-LTP is associated with an increase in spontaneous GABA release, and is not mediated by a postsynaptic mechanism. However, the possibility that NMDAR activation may increase the number of functional inhibitory synapses (Kilman et al., 2002) cannot be ruled out. The NMDA/glycine-induced increase in mIPSC frequency was completely blocked by 10 M CPP, an NMDAR blocker (Fig.  5B) . Thus, the activation of NMDARs is required. Furthermore, glycine is necessary for the I-LTP induction because NMDA alone failed to induce the potentiation (Fig. 5D) .
To address the question of whether NMDAR-induced I-LTP requires Ca 2ϩ entry, we applied NMDA and glycine in a Ca 2ϩ -free ACSF (0 mM Ca, 200 M EGTA, and 2 mM MgCl 2 ). Under these conditions, NMDA/glycine failed to induce a lasting increase in mIPSC frequency (Fig. 5 E, G) . Thus, Ca 2ϩ entry is needed for the I-LTP induction.
NMDARs are present extrasynaptically in the postsynaptic stellate cell and at the axon terminals of presynaptic cells (Carter and Regehr, 2000; Clark and Cull-Candy, 2002; Duguid and Smart, 2004) . If I-LTP induction requires activation of presynaptic NMDARs, preventing a Ca 2ϩ increase in the postsynaptic cell is not expected to block the NMDAR-induced I-LTP. Indeed, when 10 or 20 mM BAPTA was included in the pipette solution to buffer the Ca 2ϩ rise in the postsynaptic cell, NMDA/glycine application still induced a sustained increase in mIPSC frequency (n ϭ 8; p Ͻ 0.001) (Fig. 5 F, G) . The fact that BAPTA in the postsynaptic cell failed to abolish I-LTP indicates that Ca 2ϩ entry via NMDARs in the postsynaptic cell is not necessary for the presynaptic I-LTP. This is consistent with the idea that activation of presynaptic NMDARs is sufficient to induce I-LTP.
I-LTP can be induced at a physiological temperature
The activity of glutamate transporters increases with temperature (Asztely et al., 1997 ). Thus, we tested whether I-LTP can also be induced at a physiological-like temperature. First, we measured spontaneous IPSCs at various holding potentials at 32°C and found that the reversal potential for Cl Ϫ in stellate cells was 81 Ϯ 6 mV (n ϭ 6), consistent with a previous report (Carter and Regehr, 2002) .
Using a low Cl Ϫ pipette solution (which set the reversal potential for Cl Ϫ to Ϫ81 mV), we observed outward spontaneous synaptic currents in the presence of 5 M NBQX and 0.3 M TTX at Ϫ30 mV (Fig. 6 A) . These currents were blocked by 20 M SR-95531 and are thus mediated by GABA A receptors. We then determined mIPSC frequency at 32°C before and after PF stimulation (Fig. 6 B) . The stimulation of PFs induced an NMDAR current (49 Ϯ 12 pA; n ϭ 5), which was blocked by 10 M CPP (Fig. 6C) . After PF stimulation, mIPSC frequency increased by 110 Ϯ 27% (n ϭ 5; p Ͻ 0.02) (Fig. 6 D, E) without a change in mIPSC amplitude (Fig. 6 F) , indicating an increase in the spontaneous release of GABA via a presynaptic mechanism. This activity-induced potentiation of mIPSC frequency was prevented by the presence of 10 M CPP during PF stimulation. Therefore, burst activity of PFs can activate NMDARs, and produces a lasting increase in the spontaneous release of GABA at a physiological-like temperature. 
Discussion
Although many excitatory synapses show LTP, much less is known about the lasting potentiation of inhibitory transmission.
In particular, what physiological transmitters trigger an enduring increase in the presynaptic release of inhibitory transmitters is far from clear. The present study examines this question and describes a novel type of long-term potentiation of inhibitory synaptic transmission that occurs in cerebellar stellate cells. It is unusual in that it is paradoxically induced by excitatory transmitters that transiently activate NMDARs and requires the presence of glycine. The evidence suggests that the lasting potentiation is induced and expressed presynaptically and that it involves an increase in the release of GABA. This modulation of the release of GABA by glutamate presumably allows fine control in the balance that exists between excitation and inhibition within a cerebellar circuit.
Curiously, although NMDA alone will transiently enhance the release of GABA from stellate/basket cells (Glitsch and Marty, 1999; Duguid and Smart, 2004) , glycine, a coagonist for NMDARs, is required for the induction of the lasting increase in the presynaptic release of GABA and a sustained enhancement in mIPSC frequency. One possible mechanism for this requirement is that glycine potentiates NMDAR-mediated responses by reducing receptor desensitization (Kleckner and Dingledine, 1988) and enhancing Ca 2ϩ entry through the receptors. Indeed, glycine binding to NMDARs has been shown to facilitate the induction of LTP at excitatory synapses (Martina et al., 2004) . In the cerebellum, the extracellular glycine concentration is ϳ20 mM (Matsui et al., 1995) , at which concentration stimulation of PFs is sufficient to induce the I-LTP. This suggests that endogenous glutamate and glycine should be able to induce this form of plasticity in the cerebellum under physiological conditions. In addition, the discrepancy could also be attributable to the difference in the age of the animals. The present study shows that I-LTP is more likely to be induced in mature neurons, whereas Duguid and Smart (2004) used younger animals (P6 -P14 rats) for their experiments.
NMDARs are found on the presynaptic stellate/basket cell terminals (Duguid and Smart, 2004; Fiszman et al., 2005) . Because our results show that activation of NMDARs and Ca 2ϩ entry into the presynaptic terminal (but not the postsynaptic cell) are required to induce the presynaptic I-LTP, the lasting increase in GABA release described in this study most likely involves the activation of these presynaptic NMDARs. However, the possibility that activation of extrasynaptic NMDARs on other stellate cells may trigger the release of retrograde signals, such as NO (Shin and Linden, 2005) , and thus alter the release of GABA, cannot be ruled out. It would be of interest to determine whether activation of presynaptic NMDARs in other GABAergic neurons (Paquet and Smith, 2000) can also modulate the release of GABA.
What are the possible sources for the endogenous glycine? Both glutamate and glycine appear to be released during AMPA application, perhaps from Bergmann glial cells or cerebellar neurons. These transmitters then induced I-LTP by activating NMDARs. Glycine can be released from Bergmann glial cells via the glycine transporter when the membrane is depolarized (Huang et al., 2004) . Ca 2ϩ entry through Ca 2ϩ -permeable AMPARs during stimulation of parallel and climbing fibers (Grosche et al., 1999; Matsui and Jahr, 2003) is expected to depolarize the membrane potential (Muller et al., 1992) and stimulate the release of glycine from these cells. Glycine could also originate from Golgi and Lugaro cells (Zeilhofer et al., 2005) .
Several lines of evidence strongly suggest that the type of I-LTP described in the present work is associated with an enduring increase in the release probability of GABA from stellate cells. First, the paired pulse ratio of aIPSCs decreases after the activation of NMDARs. Second, the failure rate of evoked autaptic currents is also reduced. Third, the potentiation of aIPSCs is accompanied by an increase in 1/(CV) 2 . Fourth, activation of NMDARs could only induce a lasting increase in GABA release from cells that had a low initial release probability. Fifth, the frequency of mIPSCs increases. The molecular mechanisms underlying presynaptic LTP at mossy fiber synapses in the hippocampus and at the parallel fiber to Purkinje cell synapses in the cerebellum involve Ca 2ϩ -induced Ca 2ϩ release from intracellular stores, presynaptic cAMP-dependent protein kinase, phosphorylation of RIM1␣ by PKA and Rab (Weisskopf et al., 1994; Salin et al., 1996; Castillo et al., 1997 Castillo et al., , 2002 Storm et al., 1998; Linden and Ahn, 1999; Lauri et al., 2003; Lonart et al., 2003) . Because PKA and Ca 2ϩ release from intracellular stores are involved in triggering a transient increase in GABA release from stellate cells (Kondo and Marty, 1997; Duguid and Smart, 2004) , it would be interesting to determine whether these molecular events are also responsible for the induction of presynaptic LTP at inhibitory synapses.
In conclusion, these results demonstrate that glutamate can directly enhance the release of an inhibitory transmitter, producing a lasting potentiation in the efficacy of inhibitory synaptic transmission. This mechanism may be particularly important in the cerebellar cortex where motor learning is associated with a reduction in the activity of Purkinje cells (Thompson, 1990) . Simultaneously enhancing the release of an inhibitory transmitter from the presynaptic stellate/basket cells (this study) and increasing the postsynaptic responsiveness of the Purkinje cells to GABA (Kano et al., 1992) , is likely to produce a powerful suppression of the activity of Purkinje cells. Thus, the lasting enhancement of the release of GABA from stellate/basket cells is positioned to play an important role in cerebellar motor learning.
